PURPOSE.
To describe in detail the retinal structure and function of a group of patients with cobalamin C (cblC) disease.
METHODS.
Patients (n ¼ 11, age 4 months to 15 years) with cblC disease (9/11, early onset) diagnosed by newborn screening underwent complete ophthalmic examinations, fundus photography, near-infrared reflectance imaging, and spectral-domain optical coherence tomography (SD-OCT). Electroretinograms (ERGs) were performed in a subset of patients.
RESULTS.
Patients carried homozygous or compound heterozygote mutations in the methylmalonic aciduria and homocystinuria type C (MMACHC) gene. Late-onset patients had a normal exam. All early-onset patients showed a maculopathy; older subjects had a retina-wide degeneration (n ¼ 4; >7 years of age). In general, retinal changes were first observed before 1 year of age and progressed within months to a well-established maculopathy. Pseudocolobomas were documented in three patients. Measurable visual acuities ranged from 20/200 to 20/540. Nystagmus was present in 8/11 patients; 5/6 patients had normal ERGs; 1/6 had reduced rod-mediated responses. Spectral-domain OCT showed macular thinning, with severe ganglion cell layer (GCL) and outer nuclear layer (ONL) loss. Inner retinal thickening was observed in areas of total GCL/ONL loss. A normal lamination pattern in the peripapillary nasal retina was often seen despite severe central and/or retinawide disease.
CONCLUSIONS.
Patients with early-onset cblC and MMACHC mutations showed an early-onset, unusually fast-progressing maculopathy with severe central ONL and GCL loss. An abnormally thickened inner retina supports a remodeling response to both photoreceptor and ganglion cell degeneration and/or an interference with normal development in early-onset cblC.
Keywords: cobalamin C deficiency, optical coherence tomography, ganglion cells, pseudocoloboma, photoreceptors C obalamin C (cblC) disease is the most common inborn error of vitamin B12 metabolism with an estimated incidence of~1:100,000 live births. Patients with this autosomal recessive disorder show homocysteinemia, homocystinuria, and methylmalonic aciduria and acidemia. [1] [2] [3] The disease is associated with neurologic, hematologic, ophthalmologic, cardiovascular, dermatologic, respiratory, and facial abnormalities and is subclassified as early onset, when presentation occurs before a year of age, and late onset, for patients presenting later in life. 1, [4] [5] [6] [7] [8] [9] Mutations in the MMACHC (methylmalonic aciduria cblC type, with homocystinuria) gene, which encodes a protein involved in cobalamin cofactor synthesis, have been associated with cblC. 4, [9] [10] [11] The ocular phenotype has been described through case reports, a handful of case series, and a single histopathologic report. 8, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Ocular changes range from limited maculopathies to a progressive retina-wide degeneration and severe central vision loss. The exact mechanisms leading to the neurologic and/or ocular manifestations are currently unknown. We recently reported the detailed spectral-domain (SD) optical coherence tomography (OCT) structural phenotype of a young patient with cblC. Retinal structure was characterized by photoreceptor and ganglion cell loss, the presence of a thickened surface layer, and a remodeled inner retina in regions of severe degeneration. 8 The maculopathy had developed from an initially normal retina into a well-stablished lesion within the first year of life, suggestive of interference with foveal development. 8 To increase understanding of the visual dysfunction and retinal structural abnormalities resulting from cblC disease, we studied a group of patients with cblC disease and MMACHC mutations using measures of central vision, electrophysiology, and retinal structure. The results were compared to hereditary retinal degenerations with predominant macular involvement.
METHODS
Eleven patients (ages 4 months to 15 years) diagnosed with early-onset cblC disease at the Children's Hospital of Philadelphia, University of Pennsylvania (n ¼ 10), and at the Department of Ophthalmology, Ghent University, Belgium (n ¼ 1), were included in this study. Patients were diagnosed as cblC through newborn metabolic screening and the diagnosis was confirmed by complementation assays and/or genotype. Subjects with normal vision (n ¼ 36; ages 1-48 years) were also included. All patients underwent a comprehensive eye examination and best-corrected, age-appropriate, measurement of their central vision. Teller preferential looking cards or Snellen visual acuity provided quantitative measures of visual acuity in 8/11 patients. Data were collected retrospectively and included follow-up clinical exams encompassing up to 15 years, but did not include SD-OCT imaging; a shorter follow-up SD-OCT examination was available in one patient. Nonsedated (except for patient 1 [P1], age 4 months) SD-OCT imaging was performed using either a handheld capable system (iVue, Optovue, Inc., Fremont, CA, USA) with 6-mm-long sections, or with a desktop device (Spectralis, Heidelberg Engineering, Carlsbad, CA, USA) with 9-mm-long sections. High-resolution SD-OCT cross sections were performed across the fovea and through the optic nerve to have identifiable landmarks to compare with similar locations in normal subjects. The low-resolution (high-speed) setting of the Spectralis system was used whenever movement artifacts interfered with image acquisition. Segmentation of SD-OCT images was performed with the built-in segmentation software of the Spectralis and Optovue systems or with ImageJ imaging analysis software (http://imagej.nih.gov/ij/; provided in the public domain by the National Institutes of Health, Bethesda, MD, USA) supervised to ensure correct identification of the different laminar boundaries. 24 Standard full-field electroretinograms (ERGs) were recorded using a computer-based system (Espion; Diagnosys LLC, Littleton, MA, USA) in some (n ¼ 6) of the patients. 25 Procedures adhered to the Declaration of Helsinki, and the study was approved by the institutional review boards of the participating institutions.
RESULTS
Eleven unrelated patients with cblC carrying mutations in MMACHC participated in this study (Table) . Six of the patients were from nonblack Hispanic families originally from Central America and Puerto Rico; the rest were Caucasian of European ancestry. There was no family history of ocular or metabolic disorders or of consanguinity. Most patients (n ¼ 8) were examined during the first year of life after the diagnosis of cblC had been established. Nine patients showed some degree of developmental delay; brain magnetic resonance imaging showed abnormalities in 4/7 patients imaged (Supplementary Table S1 ). Biochemical abnormalities were aggressively treated and monitored from the time of diagnosis. Plasma methionine levels were maintained within normal range; some patients needed methionine supplementation. There was no obvious relationship between the degree of metabolic control and the severity of the ocular abnormalities (Supplementary Table  S2 ). On their last exam, central vision was abnormal for the expected developmental age in all but one patient who had normal vision (P9); nystagmus was noted in most (8/11) patients (Table) . The predominant refractive error was mild myopia, although the largest errors were hyperopic (Table) . On their last visit, P3, P4, and P9 had normal retinal exams. Patient 3 had nystagmus with a normal-appearing retina (P3 and P4 did not have OCTs). The rest of the patients showed macular abnormalities at a young age. The central retinal appearance ranged from pigmentary changes to atrophic lesions (Fig. 1) . The areas of atrophy showed a parafoveal distribution as a bull's-eye maculopathy or well-delimited central chorioretinal atrophy with ( Fig. 1, P10 ; see also Fig. 3,  P11 ), or without ( Fig. 1, P5 ), posterior depression of the base of the lesion and the appearance of a pseudocoloboma (Table) . A retina-wide pigmentary retinopathy was observed in older subjects (P7, P8, P10, and P11). The optic nerve appearance was normal in most patients; pallor or atrophy was noticed in 3/11 patients (Table) . Electroretinograms were within normal limits in most (5/6) patients who had ERGs around presentation (P1, age 14 months; P3, 10 months; P5, 2 years; P7, 4 months; P8, 4 months; P10, 7 months); P7 had reduced amplitudes for rod-mediated responses and normal cone ERGs.
Early and Rapidly Progressive Photoreceptor and Ganglion Cell Degeneration
A horizontal SD-OCT cross section through the fovea in a normal subject showed the normal foveal contour and lamination of the retina (Fig. 2A) . The three hyporeflective nuclear layers (outer nuclear layer [ONL]; inner nuclear layer [INL] ; ganglion cell layer [GCL]) showed expected transitions in thickness with increasing eccentricity and were flanked by highly reflective bands corresponding to the retinal nerve fiber layer (RNFL) at the surface and two synaptic layers, the inner (IPL) and outer (OPL) plexiform layers. Outer retinal sublaminae are numbered in Figure 2A . A cross section in the patient examined at the youngest age (P1, age 4 months) demonstrated foveal thinning (114 lm) (normal mean 6 2 SD ¼ 228 6 30 lm). [26] [27] [28] [29] The ONL and the GCL were less than half the normal thickness ( Fig. 2A) . Of note, the parafoveal region had no obvious signs of an impending bull's-eye maculopathy, such as increased backscattering posterior to the RPE. There was shortening of the outer segment and loss of the outer segment-RPE interdigitation signal in this region. The pattern contrasts with that observed in other maculopathies. [30] [31] [32] For example, a SD-OCT scan from a 9-year-old patient with Stargardt disease (STGD), the most frequent juvenile hereditary maculopathy, showed foveal ONL thinning (16 lm) exceeding that seen in P1 (54 lm; normal ¼ 119 6 39 lm), whereas the GCL at 0.6 mm of eccentricity in nasal retina, a region that receives input from foveal cones, was normal in the STGD patient (50 lm; normal ¼ 34 6 14 lm), but thin in P1 (12 lm), in the presence of less severe photoreceptor loss ( Fig. 2A) . 30 The RNFL was also abnormally thin ( Fig. 2A) , a finding that may be related to the loss of parafoveal GCL. A follow-up examination at 14 months of age revealed an unmistakable bull's-eye lesion (Fig. 2B ). Age given in months or years at age of first exam or OCT; age of systemic onset coincides with age at diagnosis; onset at 1 m refers to diagnosis 1 month of age; P10 has been reported previously. 8 na, not available; n/a, nonapplicable; nl, normal; Y, yes; N, no; abn., abnormal at initial visit with us; CUSUM, central, unsteady, unmaintained; CSM, central, steady, maintained; FF, fixates and follows; p, pallor; pigm., pigmentary change (includes mottling, depigmentation); bem, bull's-eye maculopathy; p-coloboma, pseudocoloboma. * Ocular onset, earliest documented ocular abnormality/nystagmus; no earlier exam or record. † Predicted amino acid change; diagnosis confirmed by complementation assay. ‡ Visual acuity and refraction (spherical equivalent), similar in both eyes, unless specified. § Visual acuity measured binocularly by preferential looking with Teller visual acuity cards. jj Thickness of remnant tissue at the center of the pseudocoloboma.
Spectral-domain OCT through this region showed a transition from a well-laminated retina to a zone of ONL and GCL thinning (Fig. 2B , arrow) accompanied by increased backscattering ( Fig. 2B , bracket) posterior to the RPE, which was not present in the scans at age 4 months. The GCL in this region turned into a poorly laminated layer with intervening hyperreflectivity. In total, four patients (P1, P2, P7, P10) had an initial normal retinal exam and developed a rapidly progressing maculopathy between 5 and 14 months of age, an unusually fast progression compared to other hereditary maculopathies (Table) . 8, 22, 33 Other patients (P5, P6, P8, P11) were abnormal at presentation between 4 and 8 months of age; earlier exams did not take place or there were no records available to determine if their retinas were normal earlier (Table) .
Macular Changes in cblC-Associated Retinal Degeneration
Foveal thinning was observed in all patients examined with OCT, except P9 (Table) . Horizontal SD-OCT scans extending from the fovea into the optic nerve illustrate the spectrum of abnormalities encountered (Fig. 3) . Images from P10 have been Overlaid white arrow denotes the direction and region scanned with SD-OCT. All images portrayed as right eyes. Calibration bar at bottom left. Right: horizontal, 9-mm-long SD-OCT cross sections in four patients illustrating the spectrum of structural abnormalities encountered. Nuclear layers are labeled in the normal subject as in Figure 2 ; calibration bar is to the bottom right. Arrow (P5) points to the region of steep transition in retinal structure. Horizontal bracket (P5) delimits region of increased posterior backscatter. Vertical brackets (P7 and P11) delimit thick hyperreflective superficial layer that exceeds thickness of the normal RNFL for the respective location. Asterisk denotes delaminated retina with amalgamation of the INL and the ONL. Images shown as right eyes but were similar in each eye of every patient. Calibration bar: bottom left. T, temporal; N, nasal.
published previously. 8 Retinal structure was within normal limits in one patient (P9). On near-infrared reflectance imaging, a well-demarcated, round foveal lesion in P5 was associated with severe retinal thinning and posterior backscattering (Fig. 3, bracket) . The inner retina appeared disorganized just eccentric to the foveal center with amalgamation of remnants of the ONL and INL leading to a thick hyporreflective band (Fig. 3, asterisk) . The INL and GCL were discernible~600 lm from the foveal center, where there was a steep transition (Fig. 3, arrow) to a normally laminated retina. The order in which each one of the outer retinal layers became visible with eccentricity was ONL, outer segment (OS)-RPE interdigitation, inner segment (IS)/OS, and the external limiting membrane (ELM). At this location the GCL appeared slightly thinner compared to normal. More extensive abnormalities were exemplified by two other patients. On NIR-REF the central retina of P7 was not homogeneous in appearance (Fig. 3) . The fovea was thin with a flattened foveal contour, likely a consequence of GCL thinning and loss of the foveal ridge. 34 The ONL and GCL could not be discerned. There was a broad hyporeflective band in the outer retina, likely an INL-ONL amalgamate (Fig. 3, asterisk) , and a thickened highly reflective superficial band that included the IPL (Fig. 3, vertical bracket) . Near the temporal edge of the optic nerve, a thin ONL was again visible with a poorly defined GCL; the ELM, IS/OS, OS-RPE interdigitation were not discernible. At a greater eccentricity, nasal to the optic nerve, the retina returned to a near normal lamination pattern. On NIR-REF imaging, P11 showed a large central hyporeflective lesion with the appearance of a pseudocoloboma, reminiscent of published images from P10. 8 Around this central atrophy there was an annular area of pigmentary change; just peripheral to the vascular arcades there was bone spicule pigmentation (not shown). A thin ONL and INL were visible only near the temporal margin of the optic nerve; the GCL was not discernible throughout the central retina. There were intraretinal hyperreflectivities within the central lesion that represent RPE hypertrophy and migration. There was a thick hyperreflective surface band toward the temporal edge of the optic nerve that resembled the appearance of P10 (Fig. 3, vertical bracket) . 8 The retina nasal to the optic nerve was remarkably well preserved and colocalized, as in P7, with darker islands of peripapillary RPE preservation on NIR-REF (Fig. 3) .
Early Retinal Changes in cblC-Associated Retinal Degeneration
Cross-sectional SD-OCT images along the vertical meridian in two patients (P1 and P2) representing the earliest disease stages were compared to a normal subject (Fig. 4) . The normal retina showed a well-defined foveal depression; the GCL was thickest at~1 mm of eccentricity, contributing to the shape of the foveal ridge. 34 Both patients showed central retinal thinning that was less severe with increasing eccentricity and a bull's-eye maculopathy on NIR-REF ( Fig. 2, P1 ; P2 not shown). The nuclear layers were identifiable throughout the extent of the scans in both patients; the GCL and ONL were thinner than normal with a flattened foveal contour caused by a thinned GCL (Fig. 4, arrows) . The RNFL in P1 appeared slightly thinner than normal. Quantitation of the images confirmed more prominent central changes (Fig. 4B) . The total retina was abnormally thin throughout the extent of the scans, especially within 3 mm of the fovea. The RNFL was slightly reduced in thickness centrally, but returned to within normal limits with increasing eccentricity. The GCL from 0.6 to 1 mm of eccentricity was less than 25% of the normal thickness. With increasing eccentricity the GCL approaches normality. At most central (<3 mm) locations, the INL was within normal limits or slightly thicker than normal (data not shown). There were no localized changes in GCLþIPL thickness in regions of GCL loss, which suggests replacement of ganglion cells by nonneuronal elements. Foveal ONL thickness was reduced to~50% of normal and returned to normal limits at approximately 4 mm from the center.
Intraretinal Variation in Structure and Retinal Remodeling in Early-Onset cblC
Near-infrared REF imaging in P8 showed a darker peripapillary island of RPE preservation surrounded by depigmented retina similar to what was seen in other patients (Figs. 3, 5A) . A horizontal SD-OCT scan through this region showed relative preservation of the retinal architecture, particularly on the nasal side. There was a thin ONL and GCL temporal to the nerve, which became undetectable at greater distances from its margin. Nasal to the nerve there was a deceptively normal lamination and normal-appearing ONL and INL. The GCL at this location was barely detectable, and there was a thick highly reflective band that extended from the retinal surface to the IPL. Farther into nasal retina was gradual thinning of the ONL and the GCL. The ONL and GCL became undetectable and the retina acquired a bilaminar appearance with an outer hyporeflective band and a thicker inner hyperreflective band (Fig. 5A , arrow) with intraretinal hyperreflectivities (Fig. 5A, asterisk) .
Magnified sections from a region~1 mm temporal and nasal to the optic nerve were examined to determine the relationships between the abnormalities observed for each of the layers across different patients (Fig. 5B) . The peripapillary retina showed a normal-appearing retinal structure in P9 and P5. Sections from the temporal peripapillary retina in P10 and P8 showed ONL and GCL thinning with relative preservation of the INL (Fig. 5B, top) . The GCL in these patients was barely perceptible within a thick superficial hyperreflective layer. Outer retinal structures such as the ELM can be seen in P8 despite the severity of the degeneration (Fig. 5B, asterisk) . Patient 7 and P11 illustrated more severe disease with disorganized retinas. Patient 11 had a bilaminar retinal appearance likely representing inner retinal remodeling with replacement of ganglion cells by nonneuronal elements and amalgamation of the INL and ONL, respectively. Sections from the nasal peripapillary retina showed normal-appearing ONL and INL in all patients (Fig. 5B, bottom) . The GCL could be normal in thickness but had ill-defined boundaries (Fig. 5B, P5 and P8). There was variable thickening of the retina vitread to the GCL.
Spectral-domain OCT cross sections were quantified to better understand the structural abnormalities (Fig. 5C ). Included were two central locations (fovea and 1 mm of eccentricity, n ¼ 7 patients), where photoreceptor and ganglion cell contributions to the nuclear layer thicknesses in normal retinas are expected to be maximal, and peripapillary locations (3 and 7 mm nasal to the fovea, n ¼ 6 patients), regions with relative preservation of the retinal architecture in cblC. Measurements for each retinal layer are expressed as a percentage of the mean normal for each retinal region. For the central locations, inner retinal measurements (GCL, GCLþIPL, INL) were performed in regions laterally displaced by 0.6 mm in relationship to the foveal photoreceptors they receive input from. 35 For the central locations, all patients (except P9) showed foveal thinning with severe ONL, GCL, and RNFL loss. Patient 9, who had a normal SD-OCT appearance, had a mildly thin GCL and RNFL but normal ONL and INL. Less severe GCL and ONL loss was observed at 1 mm from the foveal center in all patients. At both eccentricities there was INL preservation in most (P1, P3, P5, P9) patients. Thickening of the INL (P7 and P10) and of the RNFL (P10) was associated with severe ONL [36] [37] [38] [39] For the peripapillary locations, there was relative preservation of the ONL and INL; GCL thickness in this region was within normal limits or thin. The RNFL was thicker than the normal mean in all but one patient (P2).
Next, the interrelationships between the changes observed in each of the main retinal layers were explored by plotting thickness expressed as the fraction of the normal mean at the corresponding retinal locations for each layer, laterally displaced, as described (Fig. 5D ). There was a nearly proportional thinning of both the ONL and GCL for most of the range of thicknesses measured. A notable abnormality was the observation of GCL loss in locations with normal ONL thickness, suggesting greater susceptibility of the GCL to damage (Fig. 5D, left graph) . The INL was within normal limits for most locations across a wide range of ONL values, with thickening observed only at the most central, severely affected loci (Fig. 5D, middle) . The relationship between the RNFL and the GCL thickness was less clear (Fig. 5D, right graph) . The RNFL was within normal limits or thick for most loci, with only a mild tendency toward thinning at the most central locations with severe GCL and ONL loss. The RNFL was thick in locations with mild GCL thinning in nasal peripapillary retina.
DISCUSSION

Early-Onset, Fast-Progressing Photoreceptor and Ganglion Cell Degeneration
Early retinal changes in this cohort of patients with early-onset, MMACHC-positive cblC included foveal thinning, likely from cone photoreceptor loss, and profound parafoveal GCL loss. There were retina-wide abnormalities likely representing involvement of all photoreceptor subtypes. Photoreceptor outer segment loss and ONL thinning were the earliest changes in the outer retina. Inner retinal findings included a relatively spared INL in locations with obvious ONL and GCL loss, amalgamation of the INL and ONL in central regions with severe ONL loss, GCL thinning with approximation of the IPL to the RNFL, and the presence of a highly reflective thickened superficial layer in place of the RNFL. There was no obvious relationship between the genotype and the severity of the SD-OCT abnormalities, although meaningful gradation of the structural abnormalities within this small cross-sectional sample was not possible. There was a normal retinal structure in P9 and normal fundus appearance in P4 (with presumed subnormal visual acuity). Both patients reached normal developmental milestones and had mild metabolic abnormalities. It is possible that newborn metabolic screening may have led to the detection of a presymptomatic phenotype in these patients. Long-term follow-up will help clarify this possibility. Patient 3, who carried a homozygote mutation known to cause early-onset cblC, had nystagmus but a normal retinal exam and ERGs at~11 months of age; OCT was not available. The current work demonstrated subclinical retinal disease in cblC, a possibility in this patient.
Several patients showed an early-onset, fast-progressing maculopathy evolving during the first 2 years of life, confirming previous observations. 14, 15, 18, 19, 22 The changes occur during a critical stage of foveal postnatal development and visual maturation and raise the possibility of a particular vulnerability of the central photoreceptors and/or ganglion cells to the metabolic abnormality during this period. 8, 16, 22, 40 The magnitude of the abnormalities, particularly at the level of the GCL, exceeded the changes expected to occur due to normal foveal development. 28 A nonsyndromic bull's-eye maculopathy reported in an adult patient who was subsequently diagnosed as having MMACHC-positive cblC disease did not show GCL loss in the presence of severe foveal thinning, suggesting less vulnerability later in life. 21 Such fast progression and GCL abnormalities have not been described in other maculopathies, such as STGD and forms of cone-rod dystrophy. [30] [31] [32] [33] That is, central primary photoreceptor disease is not typically accompanied by GCL loss; instead, the central GCL shows minimal change or is thickened, and when GCL loss is observed it is in association with severe photoreceptor loss. 30, 32, 41 In contrast, there was equal or greater GCL compared to ONL thinning in early-onset cblC arguing in favor of a central role of the ganglion cell abnormality in the pathophysiology. The findings also recapitulate the only detailed ocular histopathologic report available for this condition. 23 
Regional Variation in Disease Severity in cblCAssociated Retinal Degeneration
A spectrum of central disease severity ranging from bull's-eye maculopathies to foveal chorioretinal atrophy has been reported in cblC and was observed in our patients (reviewed in Refs. 8, 22) . Severe disease was characterized by foveal atrophy with the appearance of macular pseudocolobomas, which have been described in early-onset cblC disease as well as in conditions in the spectrum of Leber's congenital amaurosis, suggesting that these lesions may not be necessarily congenital but the result of fast-progressing, severe foveal disease occurring during a critical early postnatal period. 8, 40, 42, 43 One gene is now known to be consistently associated with this type of lesion, suggesting a common mechanism that may be shared by cblC. [42] [43] [44] [45] [46] [47] [48] [49] It is noteworthy that the central retinal structure in patients with early ONL and GCL thinning but without central chorioretinal atrophy in our study was otherwise normally laminated, arguing against a gross foveal maldevelopment. 28, 29, 50 The nearly circular areas of atrophy or parafoveal lesions involve a region characterized by steep, eccentricity-dependent changes in densities of ganglion cells and photoreceptors and their relative ratios. 22, 51 The near circular appearance curiously matches the topography of the region with maximal retinal ganglion cell densities, cones adopting a less steep and more horizontally elongated density profile within this region. 51, 52 Such early, welldemarcated foveal lesions are suggestive of a specific role of the vitamin B12 pathway in the maintenance and/or final development of this highly complex region. 28, 29, 40, 44 The apparent normality of the RPE layer in the presence of ONL and GCL thinning at the youngest age examined in our series, and the emergence of RPE depigmentation and colocalized and 1 mm of eccentricity, n ¼ 7 patients) and peripapillary locations (3 and 7 mm nasal to the fovea, n ¼ 6), regions with relative preservation of the retinal architecture. Measurements for each retinal layer are expressed as a percentage of the mean normal for each retinal region. For the central locations, inner retinal measurements (GCL, GCLþIPL, INL) were performed in regions laterally displaced in relationship to the foveal photoreceptors (ONL) they receive input from. 35 Boxes define the normal range (mean 6 2 SD; n ¼ 35, age range, parafoveal backscattering during follow-up, suggest that the RPE and choroidal changes may be secondary to photoreceptor loss, a testimony to the interdependence of photoreceptors, RPE, and choriocapillaris. 53 There was retina-wide retinal degeneration in our older subjects, confirming previous observations and suggesting a different rate of progression in the extramacular retina. An interesting finding was the relative preservation (by NIR-REF and OCT) of the nasal peripapillary retina in some patients. The significance of this finding is unclear at this point, as we did not have enough documentation of the extramacular retina in sufficient numbers of patients to place this observation in a proper topographical context within the rest of the retina. Nevertheless, even older patients with retina-wide degeneration (e.g., P10 and P11) showed relative preservation of this region. Greater densities of cone photoreceptors and ganglion cells in normal extrafoveal nasal retina, particularly at 6 to 8 mm of eccentricity, compared to temporal retina may confer to the region a longer survival. 51 This horizontal asymmetry is less distinct at greater eccentricities, consistent with the reappearance of severe degeneration at greater eccentricities in nasal retina in our patients ( Fig. 5A, P11 ; P10 in a previously published paper 8 ).
51
Laminopathy and Retinal Dysfunction in cblCAssociated Retinal Degeneration
An abnormally thickened INL in regions of total photoreceptor loss within the central retina and a thickened delaminated midperipheral inner retina in patients with retina-wide disease support a stereotypical remodeling response following photoreceptor degeneration. 8, [30] [31] [32] [36] [37] [38] [39] Interestingly, the INL was within normal limits in younger patients with substantial ONL loss, a finding that was also apparent in OCT images in a recent report, perhaps evidence of a delay between the cellular death and the onset of the remodeling response. 22, 54 There was slightly greater GCL than ONL loss in this study. The ganglion cell loss observed in a histologic report in cblC and in our patients could lead to transneuronal degeneration of photoreceptors and vice versa. 55 A normal INL in locations with prominent photoreceptor and ganglion cell loss argues against this possibility, assuming that our INL measurements are not underestimating neuronal loss within this layer. 32 Our finding favors a concurrent and perhaps independent neuronal loss in both retinal layers.
Replacement of optic nerve axons by nonneuronal elements has been associated with aging and glaucoma and seen as a remodeling response in hereditary retinal degenerations. 31, 32, 56, 57 Retinal nerve fiber layer measured by SD-OCT in such a setting would underestimate true axonal loss and may explain the observation of normal or near-normal RNFL in the presence of severe GCL loss in the patients. The presence of a thickened hyperreflective band superficial to the GCL, particularly in peripapillary nasal retina, may represent a remodeling response or retinal maldevelopment. 39 Reports of developmental abnormalities in cblC disease are consistent with the latter. 2, 6, 14, 58 The thickened superficial layer was observed when the GCL had thinned to between 60% to 80% of normal, with RNFL thinning occurring with greater GCL loss, favoring a remodeling sequence. [30] [31] [32] [36] [37] [38] [39] The precise interrelationships between each of the structural changes warrant further exploration in longitudinal studies to better understand the sequence of the retinal abnormalities in cblC.
There is evidence for a retina-wide, progressive, rod and cone photoreceptor dysfunction, and early photoreceptor loss has been documented by histopathology and by OCT in cblC. 8, 14, 16, [18] [19] [20] 22, 23 Overall retinal function, however, was not affected initially by the metabolic abnormality, as evidenced by normal full-field ERGs in the presence of overt macular disease and metabolic derangement in our patients and in several previous reports. 8, 18, 21, 22 Electroretinogram abnormalities reported in~60% of patients with early-onset cblC disease likely represent spread of the disease beyond initially localized (foveal) lesions. 22 Changes in photoreceptor outer segment structure, now accessible to observation with SD-OCT and documented in cblC, may be the structural basis for the reported acute changes in photoreceptor function with improved metabolic control and may be used in the future as an additional gauge of treatment efficacy. 16, 22 With the exception of one patient who had normal vision and central retinal architecture associated with a milder metabolic phenotype, patients did not develop proper foveal function and had poor visual acuity and nystagmus even in the setting of a better-preserved foveal anatomy. Profoundly dysfunctional but anatomically preserved foveas occur in early-onset photoreceptor degenerations. 59, 60 By comparison, the GCL abnormality observed in early-onset cblC adds a layer of complexity, as dysfunction may be occurring at different levels along the visual pathway. The role of amblyopia in this situation remains uninvestigated, but a structural-functional dissociation constitutes the proper scenario for the use of corrective treatments aimed to improve functioning and avert cell death.
Although the current treatment of cblC is less efficacious for early-onset disease, particularly for neurologic/cognitive and ocular manifestations, there is hope for improvement of the conventional management. 7, 14, 16, 22, 58, [61] [62] [63] [64] [65] [66] [67] Our study suggests that early, more aggressive, or alternative managements should be pursued to prevent the long-term effects of early visual deprivation. Studies are also needed to further define if there is a relationship between the retinal structure and function and the neurologic and cognitive phenotype. 58, 68 Such information could be used in conjunction with metabolic parameters to gauge and potentially improve the efficacy that therapeutic interventions may have on the neurologic, cognitive, and ocular health of these patients and, as a result, on their overall quality of life.
